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Administration of Interleukin-6 Stimulates Multilineage Hematopoiesis and
Accelerates Recovery From Radiation-Induced Hematopoictic Depression

By M.L. Patchen, T.J. MacVittie, J.L. Williams, G.N. Schwartz, and L.M. 3ouza

Hematopoistic depression and subsequent susceptibility to
potentially lethal opportunistic infections are well-docu-
mented phenomena following radiotherapy. Methods to
therapeutically mitigate radiation-induced myelosuppres-
sion could offer great clinical value. In vivo studies in our
laboratory have demonstrated that interleukin-6 (IL-6) stimu-
lates pluripotent hematopoietic stem cell {CFU-s), granulo-
cyte-macrophage progenitor cell {GM-CFC), and erythroid
progenitor cell (CFU-e) proliferation in normal mice. Based on
these results, the ability of IL-6 to stimulate hematopoietic
regeneration following radiation-induced hematopoietic in-
jury was also evaluated. C3H/HeN female mice were exposed
to 6.5 Gy “Co radiation and subcutaneously administered
either saline or IL-6 (1,000 .g/kg) on days 1 through 3 or 1
through 6 postexposure. On days 7, 10, 14, 17, and 22,
femoral and splenic CFU-s, GM-CFC, and CFU-e contents and
peripheral blood white cell, red cell, and platelet counts were
determined. Compared with saline treatment, both 3-day

EUTROPENIA and thrombocytopenia are major fac-
tors contributing to morbidity and mortality after
radiation cxposure. Agents capable of cnhancing host
resistance to infection and/or regenerating hematopoietic
clements necessary for efficient host defense mechanisms
and hematopoietic hemostasis could be useful in treating
myelosuppression caused by radiotherapy or accidental
radiation exposures, such as those occurring recently in
Chernobyl (USSR), Goiania (Brazil), and El Salvador (San
Salvador).

Hematopoictic proliferation and differentiation are regu-
lated by a varicty of hematopoictic colony-stimulating
factors (CSFs) and interleukins (ILs).'” IL-6 is a pleiotropic
cytokine that has been ascribed a variety of biologic
activities including antiviral activity,** ability to stimulate
B-cell differentiation and Ig sccretion, ability to stimulate
hybridoma/plasmacytoma growth,” ability to activate T
cells™ and induce cytolytic T-cell differentiation," and the
ability to induce the production of acute-phase proteins.”'
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and 6-dsy IL-6 treatments accelerated hamatopoletic recov.
ery; 6-day treatment produced the greater affects. For exam-
ple, compared with normal control values (N}, femoral anci
splenic CFU-s numbers in IL-6~:reated mice 17 days postirra-
diation were 27% N and 136% N versus 2% N and 10% N in
saline-treated mice. At the same time, bone marrow ancl
splenic GM-CFC values were 56% N and 473% N versus 6% M
and 196% N in saline-treated mice; bone marrow and splenic
CFU-e numbers were 91% N and 250% N versus 31% N and
130% N in saline-treated mice; and peripheral blood whits
cell, red cell, and platelet values were 210% N, 60% N, and
24% N versus 18% N, 39% N, and 7% N in saline-treated
mice. These studies demonstrate that therapeutically admin.
istered IL.-6 can effectively accelerate multilineage hematopoi.
etic recovery following radiation-induced hematopoietic in-
jury,

This is a US government work. There are no restrictions on
its use.

In addition, IL-6 has recently been demonstrated to play a
role in hematopoiesis.

Hematopoictic effects of 1L-6 were first described by
Ikebuchi et al” who reported that, in vitro, IL-6 acted
synergistically with IL-3 to hasten the appearance of multi-
lincage blast cell colonies grown from murine spleen cells.
A similar synergy between 11.-6 and IL-3 was shown using
purified human bone marrow progenitors.” IL-6 has also
been demonstrated to augment IL-3-induced megakaryocy-
topoiesis in vitro." Furthermore, additional murine studies
have demonstrated that incubating marrow cells in liquid
cultures supplemented with 1L-6 and IL-3 increases exoge-
nous spleen colony-forming units (CFU-s) numbers and
enhances the ability of the cultured cells to rescue lethally
irradiated recipient mice." Ikebuchi et al"” proposed that
IL-6 shifted hematopoictic stem cells from the G, to the G,
stage of the cell cycle where they became more responsive
to the effects of additional hematopoietic factors. This
hypothesis has recently been substantiated by data of
Rennick et al,'* who demonstrated the ability of IL-6 to
interact with IL-4, granulocyte-CSF (G-CSF), macrophage
CSF (M-CSF), and GM-CSF to sclectively enhance the
clonal growth of progenitor cells at specific stages of lincage
commitment and maturation. When used alone, IL-6 has
been shown to directly support the in vitro proliferation of
murine GM progenitors,'™™ as well as to directly promote
megakaryocyte maturation in vitro."” Furthermore, [L-6 can
enhance the function of mature neutrophils.™

Compared with in vitro studies. in vivo experience with
IL-6 has been rather limited. Suzuki et al*' showed that
continuous perfusion of IL-6 into normal mice increased
splenic CFU-s numbers. Additionally, Okano et al** demon-
strated that bone marrow transplanted mice which were
subsequently treated with IL-6 cxhibited both enhanced
hematopoietic repopulation and enhanced survival. Dose-
dependent increases in platelet counts have also been
demonstrated in mice’ and primates™ receiving in vivo
treatment with IL-6.

8lood, Vol 77, No 3 (February 1), 1991: pp 472.480
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We have further evaluated the in vivo effects of 1L-6, In
this article we report that IL-6 is capable of stimulating the
proliferation of multiple lincages of hematopoietic progen-
itor cells in normal mice, and is also capable of accelerating
multiple lincage hematopoictic regeneration following radi-
ation-induced hematopoietic depression,

MATERIALS AND METHODS

Mice.  CIHHeN temale mice (~ 20 g) were purchased from
Charles River Laboratories (Raleigh, NC). Mice were maintained
i an AAALAC (American Association for Accreditation of
Laboratory Animal Care) aceredited facility in Micro-lIsolator
cages (Lab Products, Maywood, 1L) on hardwood-chip. contact
bedding and were provided commercial rodent chow and acidified
water (pH 2.5} ad libitum. Animal rooms were equipped with
tull-spectrum light from 6 aM to 6 pM and were maintained at
T0°F = 2°F with S0 = 107 relative humidity using at least 10 air
changes per hour of 1007 conditioned fresh air. On arrival, all
mice were tested for Pseudomonas and quarantined until test
results were obtained. Only healthy mice were released for
experimentation. All animal experiments were approved by the
Institute Animal Care and Use Committee before performance.

IL.-6. 1L-6 was provided by AMGen (Thousand Oaks, CA).
This IL-6 (1ot no. D12789) had a specific activity of 1.52 x 107 U/mg.
One unit of 1L-6 was detined as the amount required to stimulate
the production of 1gM by the SKW6.4 cell line to half maximal
level. Endotoxin contamination was less than (.S ng/mg protein
based on the limulus amebocyte lysate assay. 1L-6 was adminis-
tered subcutaneously (s.¢.) in a 0.1-mL vol at the doses and times
specified for individual experiments. Control mice were injected
with an equal volume of sterile saline,

{rradiation.  The Theratron-80 source at the Armed Forces
Radiobiology Research Institute was used to administer unilateral
total-body “Co y radiation. Mice were placed in ventilated Plexi-
glas containers and irradisted at a dose rate of 0.4 Gy/min,
Dosimetry was performed using ionization chambers with calibra-
tion factors traceable to the National Institute of Standards and
Technology.

Cell suspensions. The cell suspensions used for each assay
represented tissues from three normal, irradisted, or treated and
wradiated mice at each time point. Cells were flushed from femurs
with 3 mbL of McCov's SA medium {Flow Labs, McLeun, VA)
contamng 1047 heat-inactivated  fetal bovine serum (Hyclone
Labs, Logan, UT). Spleens were pressed through a stainless steel
mesh sereen. and the cells were washed from the screen with 6 mL
medium. The number of nucleated cells in the suspensions was
determined by Coulter counter (Coulter, Hialeah, FL). Femurs
and spicens were removed from mice killed by cervical dislocation.

sSpleen colonv-forming unit (CFUJ assavs.  Spleen CFU have
been shown 1o arise from the clonal proliferation of pluripotent
hematopotetic stem cells. Exogenous CFU (CFU-s) were evaluated
by the method of Till and McCulloch.”™ Recipient mice were
exposed o 9 Gy of 1otal body radiation to completely eradicate
endogenous hematopoietic stem cells. Three to S hours later, § x
10" himne marrow or S < [0F spleen cells were intravenously (iv.)
injected into the irradiated recipients, Twelve days after transplan-
tation, the recipients were Killed by cervical dislocation and their
spleens were removed. The spleens were fixed in Bouin's solution,
and the number of grosly visible spleen colonies was counted.
Endogenous spleen colony-forming units (E-CFU) were also
cvaluated by a method of Tilt and McCulloch.™ Mice were exposed
to .S Gy of total body radistion to only partially ablate endogenous
hematopoietic stem celis, Twelve days after irradiation, the spleens
were femoved. tixed i Bouin's solution, and the spleen colonies
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formed by the proliferation of surviving endogenous hematopoietic
cells were counted. Each treatment group consisted of five mice
and experiments were repeated twice,

Granulocyte-macrophage colonv-forming cell (GM-CFC) assay.
Hematopoietic progenitor cells committed to granulocyte and/or
macrophage development were assayed using a double-layer agar
GM-CFC assay.”” Mouse endotoxin serum (57 volivol) was added
to feeder layers as a source of CSF, Colonies (> 50 cells) were
counted after 10 days of incubation in a 37°C humidified ¢nviron-
ment containing 57 CO,. Triplicate plates were cultured for each
cell suspension, and experiments were repeated twice.,

Lnvthroid colony-forming unit (CFU-¢) assayv.  Bone marrow and
splenic CFU-e were assayed by a modification™ of the original
plasma clot technique described by Stephenson et al.™ Cells were
plated in 0.4 mL plasma clots in 4-well Nunclon (Roskilde.
Denmark) culture dishes with step 111 anemic sheep plasma
(Connaught Labs, Swiftwater, PA) as the erythropoietin (Ep)
source. Bone marrow and splenic CFU-e¢ clot suspensions con-
tained 0.25 and 0.50 U of Ep per milliliter. respectively. After
incubation at 37°C in a humidified atmosphere containing 57 CO,
in air for 2.5 days, plasma clots were harvested, fixed with 577
glutaraldehyde, and stained with benzidine and Giemsa. A CFU-e
was defined as an individual aggregate of eight or more benzidine-
positive cells.

Peripheral blood cell counts.  Blood was obtained from halothane-
anesthetized mice by cardiac puncture using a heparinized syringe
attached to a 20-gauge needle. White blood cell (WBC). red blood
cell (RBC). and platelet (PLT) counts were performed using a
Coulter counter. In addition, blood smears were prepared and
stained with Diff-Quik (Bayer Healthcare Corp, McGaw Park. IL)
to perform WBC differential counts.

Statistics.  Results of replicate experiments were pooled and are
represented as the mean = standard deviation of pooled data. The
Student’s r-test was used to determine statistical differences.
Significance level was setat P < .05,

Experimental design.  Cytokine responses can vary significantly
in ditferent strains of mice." "' Because of this, the first phase of this
study was to identify an 1L-6 dose capable of maximally stimulating
hematopoietic proliferation in the C3IH/HeN mouse strain used in
our studies. IL-6 doses bracketing those previously reported to
stimulate murine hematopoiesis in vivo™ *" were evaluated using
stimulation of endogenous spleen colony formation as a hematopoi-
etic indicator. The second phase of this study was to determine the
spectrum of hematopoietic progenitors (eg. CFU-s, GM-CFC,
CFU-¢) and mature periphetal blood cells (eg, WBC, RBC, PLT)
capable of responding to 1L-6, as well as to evaluate the duration of
1L.-6~induced hematopoietic responses. These studies were per-
formed in normal (ie. nonirradiated) mice. Based on the multilin-
cage hematopoietic etfects induced by IL-6 in normal mice, the
third phase of this study was initiated to evaluate the ability of IL-6
to stimulate multilineage hematopoiesis and to accelerate he-
matopoictic regeneration following radiation-induced hematopoie-
tic injury. Because of the apparent ability of I1L-6 to enhance stem
cell lineage commitment and maturation,"* ™" we were con-
cerned that prolonged in vivo [L-6 administration may induce stem
cell “hurn-out.” For this reason, both long (6-day) and short
(3-day) IL-6 treatment modalities were evaluated.

RESULTS

Hematopoietic stimulation is 1L-6 dose dependent. The
endogenous spleen colony assay was used to determine the
dose of IL-6 required to obtain optimal hematopoictic
stimulation in C3H/HeN mice. In these studies, -6 in
doses of SO ppkg/d, 500 pkpd, or 10O pe/kerd was
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Fig 1. Effect of IL-6 dose and injection schedule on endogenous
spleen colony formation in C3H/HeN mice exposed to 6.5 Gy “Co
radiation. Data represent mean the * standard deviation of values
obtained from the spleens of 10 mice. A direct dose-dependent
increase in E-CFU numbers was observed following both 3-day and
6-day IL-6 treatment. In both treatment groups IL-8 doses of 500
ng/kg/d and 1,000 ug/kg/d significantly increased (P < .05) E-CFU
numbers with respect to saline control values. In addition, in both
treatment groups the 1,000 .g/kg/d IL-6 dose increased E-CFU
numbers to a significantly (P < .05) greater extent than the 500
ng/kg/d IL-8 dose.

injected s.c. into mice for cither 3 days or 6 days. 1L-6 doses
were split such that one half of the dose was administered at
6 AM and one half of the dose at 6 pPM. Twelve hours after
the final IL-6 injection, mice were exposed to 6.5 Gy “Co
and E-CFU numbers were determined 12 days later. Figure
1 illustrates that IL-6 produced a direct dose-dependent
increase in E-CFU numbers and that the 6-day treatment
was slightly more effective than the 3-day treatment. Based
on ihese results, the 1.000 pg/kg/d IL-6 dose was chosen for
subsequent experiments.

11.-6 stimulates multilineage hematopoiesis in normal mice.
Normal mice were used to further characterize the he-
matopoictic response induced following a 3-day or 6-day

PATCHEN ET AL

trcatment with IL-6 at the 1,000 pg/kg/d dose. On days 1. 4,
7,10, 14, 17, and 22 after initiation of 1L-6 treatment, bone
marrow and splenic cellularity, CFU-s, GM-CFC and CFU-¢
numbers, as well as peripheral blood WBC, RBC, and PLT
numbers were cvaluated. Both 3-day and 6-day IL-6 treat-
ment induced multilineage hematopoiesis as evidenced by
changes in bone marrow (Table 1) and splenic (Table 2)
stem and progenitor cell contents. Increases in splenic stem
and progenitor cell numbers became cvident as early as 4
days after initiation of IL-6 treatment (Table 2), while
increases in bone marrow stem and progenitor cell numbers
did not become evident until 10 days after initiation of 1L-6
trcatment (Table 1). The 6-day IL-6 trcatment gencrally
produced morc dramatic and prolonged cffects than the
3-day trcatment. Interestingly, marrow contents on days 1,
4, and 7 following initiation of IL-6 treatment actually
decreased, suggesting that IL-6 may induce bone marrow
cell mobilization. Compared with the significant IL-6~
induced responses observed at the stem and progenitor cell
levels, peripheral blood WBC and RBC values remained
relatively unchanged (Table 3). However, peripheral blood
PLT values did slightly increase after both 3-day and 6-day
IL-6 trcatment (Table 3).

IL-6 therapy accelerates multilineage hematopoietic recov-
ery following radiation injury. To evaluate the therapeutic
potential of IL-6 in treating radiation-induced hematopoie-
tic damage, mice were exposed to 6.5 Gy "Co radiation and
subsequently administered IL-6 (1,000 pg/kg/d) for either 3
days or 6 days. On days 7, 10, 14, 17, and 22 following
radiation exposure, hone marrow and splenic cellularity
and CFU-s, GM-CFC, and CFU-e contents were evaluated.
As shown in Table 4, both 3-day and 6-day IL-6 treatment
accelerated recovery of femoral and splenic cellularity
compared with irradiated saline controls. Recovery of
femoral CFU-s (Fig 2). GM-CFC (Fig 3), and CFU-e (Fig
4) was also accelerated in irradiated mice by both 3-day and
6-day IL-6 trecatment. Greater recovery was observed after
6-day IL-6 treatment; however, even with this treatment,
femoral CFU-s numbers were only ~30% normai, GM-

Table 1. EHects of IL-6 on Bone Marrow Celiularity, CFU-s, GM-CFC, and CFU.s Contents in Normal Mice

Treatment
..t
Saline* Day Atter Initiation of IL-8 Injection
1 4 7 10 14 17 22

Cetls per 54+02 W6x3d 47:02 41038 39=:=028 48 04 6.3 03§ 63+05 59 =05

femur ( « 10%) IL-6 x6d 4.1 £ 0.2§ 43 =048 6.8 = 0.3§ 58 =04 57 =03
CFU-s per 21203 W6x3d 14=01% 1.7 = 0.1 23=03 24 =02 2.2 £ 038 1.7 £ 0.2 1.6 = 0.1§

fermur (210" IL-6 x6d 2.1 01 3.1 +0.1%) 4.7 + 0.38i 3.1+ 018 1.7 £ 01
GM-GFC per 34-03 W6x3d 27=02% 22+018% 25=+0.18 4.2 +0.1§ 46 > 0.2% 29+0.2 35102

Sprraar ¢t = 107) IL6 x6d 3.2 0.1, 45 + 0.1§ 6.5 + 0.28i 3901 36 + 01
CFU-¢ per 98:=13 NL6x3d 89=x05 8.0 =02 6.6 = 0.5§ 13.2£1.0 18.5 = 2.2§ 15.2 =+ 2.08 11613

feoraur (#1012 IL-6 x6d 78=08 8.7 = 1.4 15.0 = 1.8% 124 =05 14.3 = 1.5%

Pooied results from two experiments.,
*Values from mice trested for 3 days did not ditfer from values from mice treated for 6 days with salina. Therefore, all saline data were pooled.
*1.000 ugxg'd of IL-6 sdmirustered s.c.
thiean results obtained from only one experiment,
$P - 05. wrth respect 1o saline values.
P - 05, with respect to values nbtained from mice receiving IL-6 for 3 days.
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Table 2. Effects of IL-8 on Splenic Cellularity, CFU-s, GM-CFC, and CFU-e Contents in Normal Mice
Trestment
-6t
Saline* Day After Initiation of IL-6 Injection
1 4 7 10 14 17 22
Cells per 110t IL-8Bx3d 15018 22 =028 1.4 =018 12201 1.0 0.1 1.6 £ 0.28 1.8 = 0.1§
spleen (x10%) IL-6 x6d 1.6 = 0.1% 1.2z0.1 09 =01 152018 2.0 20.28
CFu.s per 7307 IL6x3d 61:06 261=18§ 1282098 11.6=x 12§ 9.7 £ 0.7% 8.1+0.7 79 =08
spleen {x10%) IL-6 x 6d 21.8 = 0.4§) 20.7 £ 1.08! 134 =048 119=+13§ 78=08
GM-GFC per 4405 W6x3d 34:04 316 =x228 8.7 = 0.3§ 6.8 + 0.3§ 6.5 = 0.48 63=018 40=:=04
spleen (x10%) IL-6 x6d 14.7 £ 0.681 1022048 96=058f 64=03§ 54=028
CFU.e per 1001 WB8x3d 1.0=+02 23+07 1.3+01 09 =01 1.1 £0.2 0.7 £ 0.1 1.1 =01
spleen (x 10%)¢ IL-6 x6d 3.3 £0.28) 1.5 = 0.1§] 09 +0.1 1.2 0.9 13202

Pooled results from two experiments,

“Values from mice treated for 3 days did not differ from values from mice treated for 6 days with saline. Therefore, all saline data were pooled.

11,000 ng/kg/d of IL-6 administered s.c.
tMean results obtained from only one experiment.
§P < .05, with respect to saline values,

P < .05, with respect to values obtained from mice receiving IL-6 for 3 days.

CFC numbers were only ~40% normal, and CFU-¢ num-
bers were ~ 809 normal at 22 days postirradiation. In the
spleen, a much more dramatic hematopoictic response was
observed (Figs S through 7). Even in saline-treated mice,
explosive splenic hematopoietic recovery occurred approxi-
mately 2 weeks postirradiation, with progenitor cell num-
bers often overshooting control values before normalizing.
Both 3-day and 6-day IL-6 trcatment accelerated splenic
CFU-s (Fig S), GM-CFC (Fig 6), and CFU-e (Fig 7)
rccovery in irradiated mice. GM-CFC recovery was en-
hanced to a significantly greater extent than either CFU-s
or CFU-e recovery. In mice treated with IL-6 for 6 days,
preak splenic GM-CFC numbers rcached 63062 of normal
values (Fig 6), compared with peak CFU-s numbers that
reached only 2109 of normal values (Fig 5), and peak
CFU-c numbers that reached only 2509 of normal values
(Fig 7). In addition to intensifying the magnitude of the
GM-CFC recovery, IL-6 treatment also intensified the
duration of the overshoot phenomenon (Fig 6). The stimu-
lation induced by 1L-6 at the bone marrow and splenic stem
and progenitor cell levels also ultimately influenced the
mature blood cell levels as indicated by an accelerated
rcappearance of mature WBC (Fig 8), RBC (Fig 9). and
PLT (Fig 10} in the peripheral blood. With regard to WBC,

not only did IL-6 accelerate the recovery of total WBC
numbers, but WBC differentials also returned to normal
more rapidly in IL-6-treated mice. WBC in nonirradiated
mice typically consisted of 27% = 4% necutrophils, 69% =+
6% lymphocytes, and 4% = 1% monocytes. On day 17
postirradiation, WBC in IL-6-treated mice consisted of
25% = 5% neutrophils, 73% = 4% lymphocytes. and 3% =
1% monocytes, compared with 9% * 2% neutrophils,
86% =+ 5% lymphocytes, and 5% * 2% monocytes in
saline-treated mice. It was also noted that although 6-day
versus 3-day IL-6 treatment produced different effects on
bonc marrow and splenic stem and progenitor cell recovery,
very little difference between these two treatments was
observed at the peripheral blood cell level.

DISCUSSION

Morbidity and mortality associated with high-level radia-
tion exposures can be directly attributed to infectious and
hemorrhagic complications: resulting from radiation-in-
duced neutropenia and thrombocytopenia. In recent years,
several immunomodulators and hematopoietic growth fac-
tors have been cvaluated for the ability to stimulate
hematopoictic regeneration after radiation- or chemother-
apy-induced myelosuppression. Of these, the immunomod-

Table 3. Effects of IL-8 on Peripharal Blood Cellularity in Normal Mice

Treatment
IL-8¢
Saine* Day After Initistion of IL-6 Injection
1 4 7 10 14 17 22
ABC per 73-03 IL-6 «3d 65 =05 6.6 =05 6.7 = 0.6 6.9 =06 7.3+05 7.4 =06 68 =06
L WAL g} L6 ~«~6d 74 08 75=07 79-+-08 7.7=06 79 =06
R3C per 65-02 -6« 3d 6.6 =06 6.7 :05 6.9 +086 7.2:=05 74 =07 6.4 +04 69 +05
ha SRl -6 «8d 72+05 73:05 75=06 6.9 =06 66205
.7 per 115:-06 IL-6 » 3d 99 » 062 13.7 . 0.8¢ 146 £+ 103 10.7 = 0.9 104 = 09 10.0=09 100 =07
-~ ' iL-8 - 6d 136 = 1.0 110208 103 =07 100 = 04 100 =05

Pucied resuits from two expenmaents.

“Vatues rom ruce treated for 3 days Jid not diMer from values from mice treated for 6 days with saline. Therefore, ail saline data were pooled.

°* 200 uj kg dofIL-6 sdministerad s ¢.
P 05 with respect to values
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Table 4, Effects of IL-8 on Bone Marrow and Splenic Cellularity in Irradiated Mice

Day Postirradiation

? 10 14 17 22
Cells per famur {x 10%)*
Salinet 18 +£02 1.3+03 18 £ 0.2 2.0 =01 25202
L6 x 3dt 1.2 0.1 1.2+02 19 +0.2 3.3:0.2 3.3 <02
IL-6 x 6dt 1.1 = 0.1 09 =03 1.5=02 1.9 = 0.29 3.7 =04
Cells per spleen {x 10'}§
Salinet 1.3 =01 13201 1.9 =02 8.9 =09 20.7 = 0.9
IL-6 x 3dt 11201 1.5=0.1 24 +0.2 20.6 = 0.9) 8.7 = 0.6)
IL-6 x 6ds 1.2 201 1.3 <01 4.6 = 0.5)% 26.4 = 0.9{9 148 = 0.811

C,H/HeN mice were exposad to 6.5 Gy “Co radiation on day 0; pooled results from two experiments.

*Cetlularity per femur in nonirradiated control mice was 5.4 = 0.2 x 10°

tValues from mice treated for 3 days did not differ from values from mice treated for 6 days with saline. Therefore, all satine data were pooled.
31,000 ug/kg/d of IL-6 administared s.c. beginning 1 day after irradiation.

§Cellularity per spleen in nonirradiated control mice was 11.0 = 1.0 x 10",

P « .05, with respect to saline values.

P « .05, with respect to values obtained from mice receiving IL-6 for 3 days.

ulator glucan™" and the hematopoietic growth factors
granultocyte CSF (G-CSF:™™) and granulocyte-macrophage
CSF (GM-CSF:™™™) have shown promise. G-CSF and
GM-CSF sclectively enhance granulocyte regencration
through their ability to both amplify GM-CFC progenitor
cell pools and accelerate granulocyte maturation."* As a
result of accclerating granulocyte reconstitution, these
cvtokines enhance survival in irradiated animals by reduc-
ing susceptibility to life-threatening opportunistic infec-
tions. However, preclinical studies involving large animals
have demonstrated that, even with enhanced granulocyte
regeneration, hemorrhage due to radiation-induced loss of
platclets remains a life-threatening problem.*™ In addi-
tion, hemorrhage exacerbates anemia, which also occurs
following radiation-induced hcematopoietic injury. Cur-
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Fig 22 EfNect of IL-6 on bone merrow CFU-s recovery in irradisted
C3t/HeN mice. Mice were exposed to 6.5 Gy “Co and administered
1L-6(1.000 ng/kg/d, 5.c.) for sither 3 days or 6 days. Data represent the
meen - standerd devistion of pooled values obtained from two

oxperh In comparison with saline controls, CFU-s
l—t.n in both 3-dsy and 8-day IL-8-trested mice were significantly
¥ - 08) incressed on days 14, 17 and 22; 8-day IL-6 treatment
produced » greater response, with 8-day IL-8 values being signifi-
contly (7 - 03) increased sbove 3-day IL-8 values on days 17 and 22,

rently these problems are only controlled by PLT and RBC
transfusions. "

In view of these complications, agents capable of stimulat-
ing multiple lineage (especially granuloid. platelet, and
crythroid) hematopoictic reconstitution would be cx-
tremely useful for the trcatment of radiation-induced
hematopoietic injury. Our studies in normal mice con-
firmed the ability of 1L-6 to enhance CFU-s, GM-CFC, and
PLT production.™™ In addition, we demonstrated the
ability of IL-6 to increase CFU-e numbers. Because of these
multilineage hematopoietic effects, IL-6 appeared to be an
especially appropriate cytokine to evaluate for usefulness in
the treatment of radiation-induced hematopoictic depres-
sion. Results obtained from our murine model of radiation-
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Fig 3. EMect of IL-8 on bone marrow GM-CFC recovery In irradi-
ated C3H/HeN mice. Mice were exposed to 8.5 Gy *Co and adminis-
tered IL-6 {1,000 .g/kg/d, s.c.) for either 3 days or 6 dnys Dau
represent the mean = standard deviation of pooled val
from two separate experiments. In comporlm with ullno controls,
GM-CFC numbers in both 3-day and 6-dsy IL-6-treated mice were
significantly (P < .08) increased on days 10, 14, 17, and 22; 6-day IL-6
treatment produced a greaster response, with 8-day IL-8 values being
significantly (P < .08) incressed over 3-day IL-8 values on days 14
and 17,
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Fig 4. Effect of IL-6 on bone marrow CFU-e recovery in irradiated
C3H/HeN mice. Mice were exposed to 6.5 Gy “Co and administered
1L-6 (1,000 ug/kg/d, s.c.) for 3 days or 6 days. Data for 6-day IL-6
treatment represent the mean = standard deviation of pooled values
obtained from two separate experiments. Data for 3-day IL-6 treat-
ment represent the mean = standard deviation of values obtained
{rom one experiment. In comparison with saline controls, CFU-e
numbers in both 3-day and 6-day IL-6-treated mice were significantly
{P < .05) increased on days 14 and 17. On day 22, CFU-¢ numbers in
6-day IL-6-treated mice were also significantly (P < .05) higher than
either saline or 3-day IL-6 values,

inducc:i hematopoietic depression clearly showed that IL-6
also stimulates multiple lineage hematopoietic regenera-
tion after radiation injury. IL-6-trecated mice exhibited
accelerated bone marrow and splenic CFU-s, GM-CFC,
and CFU-e regeneration, as well as aceelerated recovery of
mature peripheral WBC. RBC, and PLT. The 6-day 1L-6
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Fig S EWect of -6 on splenic CFU.s recovery in irradiated
CIM Hald mice. Mics were exposed to 8.5 Gy *Co and administered
RS(1.000 59/kg’'d, 5.c.}for either 3 days or 6 deys. Data represent the
maen - standerd devistion of pooled values obtained from two
sepesste experiments. In comparison with saline controls, CFU-s
apmbers in both 3-dey snd 6-day IL-8-trested mice were significantly
¥ - 85) increased on days 14, 17, and 22. In addition, 8-day IL-6
westment produced s grester resp , with 8-day IL-8 values being
shgaificantty (# - 05} incressed above 3-day IL-6 values on days 10,
W, 17. emd 22
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Fig 8. Effect of IL-8 on splenic GM-CFC recovery in irradiated
C3H/HeN mice. Mice were exposed to 6.5 Gy *Co and administered
IL-6 (1,000 ug/kg/d, s.c.) for sither 3 days or 6 days. Data represent the
mean = standard deviation of pooled values obtained form two
separate experiments. In comparison with safine controls, GM-CFC
numbers in both 3-day and 8-day IL-6-treated mice were significantly
(P < .05] increased on days 14, 17, and 22. Six-day IL-6 treatment
produced a greater response, with 6.day iL-6 values being signifi-
cantly (P < .05) increased above 3-day [L-8 values on days 14 and 17.

treatment induced the greatest recovery, with no cvidence
of stem cell “burn out.” Recently Takatsuki et al*' have also
reported the ability of IL-6 to accelerate CFU-s, GM-CFC,
and PLT recovery following chemotherapy-induced he-
matopoicetic depression.

The [L-6 dose used (1,000 pg/kg/d) to produce our
reported hematopoietic effects may seem high with respect
to doses of cytokines such as G-CSF or GM-CSF. However,
to obtain good hematopoietic stimulation with these cyto-
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Fig 7. Effect of IL-8 on spleniz CFU-e recovery in irradiated
C3H/HeN mice. Mice were exposed to 8.5 Gy “Co and administered
IL-6 (1,000 ug/kg/d, s.c.) for 3 days or 6 days. Data for 6-day IL-6
treatmaent represent the mean = standard deviation of pooled values
obtained from two separate experiments. Data for 3-day IL-6 treat.
ment represent the mean = standard deviation of val obtained

from one experiment. in comparison with saline controls, CFU-¢
numbers in both 3-day and 6-day IL-8-trested mice were significantly
{P . .05)increased on days 10, 14, and 17,
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Fig 8. Etfect of IL-6 on WBC recovery in irradiated C3H/HeN mice.
Mice were exposed to 6.5 Gy “Co and administered IL-6 {1,000
ug/kg/d, s.c.) tor either 3 days or 6 days. Data represent the mean =
standard deviation of pooled values obtained from two separate
expsriments. In comparison with saline controls, WBC numbers in
both 3-day and 6-day iL-6-treated mice were significantly (P < .05)
increased on days 14 and 17,

kines, extended therapy is generally required and we
observed good hematopoicetic stimulation with as few as 3
days of IL-6 treatment. In reality, valid comparisons of
cvtokine effectiveness are difficult to make becanse of
differences in cytokine-specific activities, as well as routes
of cvtokine administration (s.c., i.p., i.v.), administration
schedules (continuous infusion, once a day, twice a day,
cte), and durations of treatment (ranging from 1 to 22 days)
used in various published studies.

IL-6 has been hypothesized to mediate its multilincage
hematopoietic effects by shifting stem cells from the G, to
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Fig 9. Effect of IL-6 on RBC recovery in irradiated C3H/HeN mice.
Mice were exposed to 6.5 Gy “Co and administered IL.G {1,000
ug/kg/d, s.c.} for either 3 days or 6 days. Data represent the mean =
standard deviation of pooled values obtained from two separate
experiments. In comparison with saline controls, RBC numbers In
both 3-day and 6-day IL-8-~treated mice were significantly (P < .05)
increased on days 7, 10, 17, and 22; 6-dey IL-6 values were aiso
significantly (P < .05) increased on day 14.
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Fig 10. Effect of IL-6 on peripheral blood platelet recovery in
irradiated C3H/HeN mice. Mice were exposed to 8.5 Gy “Co and
administered IL-6 {1,000 ;:9/kg/d, s.c.) for either 3 days or & days. Data
represent the mean = standard deviation of pooled values obtained
from two separate sxperiments. In comparison with saline controls,
PLT numbers in both 3-day and 6-day IL-6-treated mice were signifi-
cantly (P < .05) increased on days 14, 17, and 22,

the G, stage of the cell cycle where they become more
responsive to additional hematopoietic growth factors such
as 1L-3, IL-4, G-CSF, M-CSF, or GM-CSF."*"* The effect of
radiation exposure alone on the endogenous production of
such cvtokines has not been fully determined. However,
ultraviolet (UV) radiation has been shown to increase the
synthesis and release of IL-1 and GM-CSF by cpidermal
cells,”" and sublethal y radiation has been shown to
increase IL-1 and tumor necrosis factor (TNF) production
by peritoneal macrophages.” Thus, in the sublethal radia-
tion model used in our studies, it seems likely that some
macrophages and accessory cells capable of producing
cytokines would survive radiation exposure, and that these
cytokines would be present to interact with IL-6 in influ-
encing stem cell proliferation and commitment.

The fact that IL-1 and TNF have been reported to
increasce in mice after a sublethal radiation exposure such as
that used in our studies is especially interesting.” Both IL-1
and TNF have been demonstrated to be potent inducers of
IL-6.* Hence, the hematopoietic regeneration that ulti-
mately does occur following sublethal radiation injury (as
iflustrated in Figs 2 through 10 by our data obtained from
saline-treated mice) may be partially mediated by the
induction of endogenous IL-6 by cndogenous IL-1 and TNF
released after radiation exposure. Clearly, however, our
studies show that augmenting endogenous IL-6 [evels
further accelerates hematopoietic regenceration. Exogenous
administration of IL-1 to myclosuppressed mice has also
been shown to enhance hematopoictic regencration® *:
induction of 1L-6 may likewise play a role in this phenome-
non. Interestingly, as observed with 1L-1," administration
of 1L-6 to sublethally irradiated mice delays splenic and
thymic lymphoid recovery (Williams JL, Patchen ML,
Darden J: unpublished results, August 1990). These prelim-
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inary results further suggest that many of 1L-1's effects on
lvmphopoiesis may involve the induction of IL-6,

In conclusion, we have demonstrated the ability of 1L-6
o induce multilineage hematopoictic stimulation in vivo
capable of accelerating the regeneration of mature WBC,
PLT. and RBC in radiation-injured mice. Whether these
ctfects are directly mediated by IL-6 or mediated by
secondary hematapoictic growth factors induced following
in vivo IL-6 administration remains to be determined.

479

Nevertheless, these results suggest that 1L-6 may be thera-
peutically useful in the treatment of radiation- or chemother-
apy-induced myelosuppression requiring multilincage repop-
ulation.
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